to analyze the shielding effectiveness of buildings, which is an important parameter for the accurate planning of microcellular communication networks. For that, the buildings are modeled as multilayer lossy periodic structures. After a description of the extended MTL-theory, the newly developed MTL model is applied to brick walls, reinforced-concrete walls and concrete block walls. From a comparison of the MTL-results with previously published theoretical or experimental results it is concluded that the MTL method is very well suited, because it is accurate as well as computational time efficient
I. INTRODUCTION
T HE exponential growth of the number of users of mobile cellular systems states new problems to the planning of the network. A lot of research is done in this area to find a way for a more efficient use of the limited number of channels available within the cellular system. To increase the capacity of the mobile network, microcells are used in those areas where the traffic intensity is very high.
For an accurate planning of cellular networks, new radiowave propagation models for the estimation of the losses on the radio path must be used. For the conventional macrocells usually the position of the base station (BS) is higher than the average height of the surrounding buildings, but for microcells this height is very often below the rooftops of the buildings. In the microcellular concept, the shielding properties of the surrounding buildings are used to confine the radiated power within a small coverage area. While in the case of macrocells there are simple empirical models for the estimation of the path losses, for microcells the problem becomes very sitespecific. Therefore, more precise deterministic models must be used to represent better the physics of the propagation of the electromagnetic waves between the BS and the mobile station (MS).
There are several different mechanisms of propagation between BS and MS, such as line-of-sight propagation, reflection, and diffraction. These three mechanisms are included in most ray-tracing based field strength prediction tools [1] , [2] . However at UHF frequencies, transmission of radiowaves through buildings surrounding the BS can be the dominant propagation mechanism [3] - [5] . Neglecting the contributions of these waves in the planning of a network may result in an unacceptable degree of inter-cell interference. There are very few publications available on the shielding effectiveness of buildings and they are based on rather simplified models [6] . To get a better insight in the way radiowaves propagate through buildings, a more accurate model is needed.
In the present paper this shielding effectiveness is studied in more detail, using one special property typical for many buildings: the periodicity. This property allows us to use a novel full-wave method, the so-called modal transmission-line (MTL) method, for an accurate and at the same time computationally efficient prediction of the shielding effect of walls and buildings [7] . This paper sets out with a description of the MTL method following the references [7] - [10] . Next, an extension of the theory is made by using matrix notations like in [11] and [12] . Then the extended theory is applied to the computation of the electromagnetic wave transmission through a simple single periodic layer, which can be a good model of some brick walls. Finally, the transmission properties of more complex walls are analyzed, namely reinforced-concrete walls, and concrete-block walls. In order to apply the MTL method to the latter types of walls, they are modeled as multilayer periodic structures. When available, the MTL results are compared with previously published computed or experimental results.
II. MTL METHOD WITH A PLANE WAVE EXCITATION
In this section the MTL method will be introduced, following mainly the reference [8] for the case of a single-layer periodic structure and [11] for the case of a multilayer periodic structure. The geometry of the general scattering problem is shown in Fig. 1(a) . While in [8] and [11] a characteristic equation for the propagation constants is used, here an eigenvalue equation is derived instead. The scattering problem is two-dimensional (2-D), with an infinite in direction periodic lossy dielectric structure. In this paper, only the TE case will be considered, but the method can also be applied to the TM case. A time-harmonic plane electromagnetic wave with an unit amplitude is incident on the periodic dichroic layer with a thickness at an angle of incidence . A time convention for the harmonic field according to is used and suppressed. The rectangular profile 0018-926X/03$17.00 © 2003 IEEE shown is Fig. 1(a) is a very simple example of a periodic layer, but has many applications. The problem space consists of three regions (a, b, and c). In region (a) (air) there are two types of solutions namely incident and reflected waves, in region (c) (air) there are only transmitted waves, while in region (b) (periodic layers) there are two kinds of solutions in the form of forward and backward traveling waves with respect to the z direction. The structure has a periodicity in the x direction with a period , and the thickness of the whole structure is . Now it is convenient to use a global x coordinate and a local coordinates for every layer, which means , (it is supposed that ). Then the solutions for the tangential fields in the th region can be written in terms of the Floquet space-harmonics with the following general form: (1) where are the amplitudes of the incident waves in the plane , and are the amplitudes of the reflected waves in the plane . Because there is a single plane wave it is logical that and with the Kronecker-delta symbols and the modal reflection coefficients, while for there are no reflected waves which means that and with the modal transmission coefficients. The longitudinal wavenumbers , the transverse wavenumbers (modal propagation constants) and the modal characteristic admittances in the case of a homogeneous layer with a dielectric constant are (2) and (3), shown at the bottom of the page, where is the freespace wavenumber, is the free-space impedance. It can easily be verified, that this representation satisfies the periodic boundary conditions. Later on it will be shown that the propagation constants in the case of a periodic layer can be defined as eigenvalues of a suitable square matrix, and the elements form a matrix of the corresponding eigenvectors as columns . Fig. 1(a) shows that in every layer the complex dielectric constant is supposed to be a periodic function with the same period . This means that the dielectric constant can be presented in terms of the following complex Fourier series: (4) In case of dichroic lossy dielectric layers the coefficients of the Fourier series are (5) For other periodic profiles (multichroic layers with the coefficients can also be derived from (4).
Next, for every layer a square matrix is defined with elements (6) Starting with Helmholtz wave equation, the following eigenvalue equation is derived (7) where is an identity matrix. It is obvious that in order to solve (7) numerically, the infinite matrices should be truncated so that . This means that instead of an infinite number of modes (plane waves) a finite number of modes is used in (1), where . The number depends on the convergence properties of the series representation (1), but for the TE modes it is a relatively small number, as will be demonstrated in Section III of this paper by numerical experiments. An appropriate normalization of the elements of the matrix is performed to make the total power of all the modes equal to 1. The unknown coefficients in the series representation (1) can be determined by satisfying the boundary conditions for continuity of the tangential fields. Note that if the layer is homogeneous [ (5) with ] all the coefficients in the Fourier series are zero except . In this specific case the single-valued matrix simply reduces to as given by (2) , and the matrix reduces to . The modal propagation constants form a diagonal matrix with elements , while the modal , (propagating) . They correspond to the equivalent transmission-line representation of the problem, shown in Fig. 1(b) . The main difference with the classical transmission-line (TL) theory for multiple homogeneous layers is that here appropriate matrix characteristics and are used instead of scalar ones.
The following finite-size local matrices in the th layer are introduced: a diagonal matrix of the layer propagator with elements ; square matrices of the transmission , the reflection , and the admittance . After performing lengthy, but straightforward matrix manipulations, based on imposing the boundary conditions for the continuity of the tangential components of the electromagnetic field, the following five steps matrix algorithm is derived for the th layer.
1) The admittance matrix (at ) is (8.a)
2) The reflection matrix (at ) is
3
. For the latter one the transmission matrix is given by . Next, the total reflection and transmission matrix are introduced as (9) The column matrices of the field transmission and reflection coefficients are then obtained by (10) where is a column matrix of the single-mode excitation . Note that the algorithm gives the opportunity to find the field in every region by using (1).
The total power transmission and power reflection coefficients are by definition (11) The total power absorption coefficient is by definition (12) which in the case of lossless layers (real dielectric constants) is zero.
III. COMPARISON BETWEEN THE MTL MODEL AND THE TL MODEL PREDICTIONS
The investigation will now be continued with the computation of the transmission properties of different kinds of walls. The MTL model must be used instead of the TL model because real walls are not homogeneous structures, but they are very often periodic structures: either single-or multilayer. First the method is applied to the simplest case of a single periodic layer, which can be a good approximation of some brick walls. In Section IV reinforced-concrete walls and concrete-block walls are analyzed, which can be classified as multilayer periodic structures.
Consider plane wave transmission through a single periodic layer ( Fig. 1(a) with ). For this case the convergence properties of the MTL-series representations (1) will be explored for the fields in the three regions. While in the case of a homogeneous wall three parameters appeared in the TL model (angle of incidence , normalized thickness , dielectric constant ) here, in the MTL model, three more parameters are added: normalized period , dichroic ratio and contrast . The approximation of a homogeneous layer can be reached by approaching , but it is also an average dielectric constant of the layer in the series (4) , that reduces the MTL method to the conventional TL method. It is easy to see from (5) , that these terms vanish also in two limiting cases for the dichroic ratio: 1) and 2) , when the periodic layer becomes also a homogeneous one. This means that the most critical case for the convergence probably occurs for a ratio of about , i.e., . All these parameters influence the eigenvalues in (7), but also the elements of eigenvector matrix in (1). It should be noted that the propagator matrix also strongly depends on the thickness of the layer: a slower convergence is expected for larger values of the thickness. Further it is expected that the convergence will become slower with an increasing value of the period and the contrast.
The principal difference between the TL model and MTL model is that in case of a homogeneous layer, according to the TL model, the transmitted wave in reg.
propagates in the same direction as the incident wave (the angle of incidence with the normal vector of the surface is ), while in case of a periodic layer the MTL model delivers a number of waves, all with their own direction of propagation , which can be determined from (2) to be , . It is evident, that for some values of the modal index , the angles are real (propagating modes), for other values the angles are complex (evanescent modes). It is obvious, that the scattering angle of the fundamental mode equals the angle of incidence (i.e., ), regardless the value of the normalized period . However, the width of the modal scattering pattern strongly depends on this parameter: in the limiting case (homogeneous layer) this width reduces to a single fundamental mode , while in the case of small values of , the scattering pattern becomes wider. The normalized thickness strongly influences the scattering amplitudes and consequently the power transmission coefficients of the modes [the components of the series (11) (13) where the symbol means the largest integer, less than the real value . This explains why the number is nearly linear proportional to the normalized period. Of course, this is an estimation of the number of propagating modes only; for more accurate calculations some evanescent modes have to be included, which mean that the estimation from (13) must be slightly enhanced. The scattering pattern of the modes in region is interesting also for getting a better physical insight of the transmission problem. Therefore, Fig. 2 presents scattering patterns of a periodic dielectric slab with parameters: ratio , dielectric constants , , at a frequency (wavelength cm) obtained from simulations based on the MTL model. The results shown in Fig. 2(a) hold for the case of a period , a thickness , and normal incidence . The number of propagating modes agrees very well with the estimation of (13). The pattern shows that the fundamental mode is not dominant here, but the modes with index . To explore the effect of a larger thickness, Fig. 2(b) shows the scattering pattern for a layer with thickness , again for normal incidence. It is clearly visible that the number of propagating modes and their angles remain the same, but the scattering amplitudes are different: now the fundamental mode is the dominant one. Finally, Fig. 2(c) shows the results for the case of thickness and period compared to the wavelength and oblique wave incidence with . Now, the number of propagating modes [also close to the estimation made by (13) ] and the maximum power is transmitted in the direction of the fundamental mode . Fig. 3 shows the corresponding field distribution behind the layer, which clearly shows the periodic interference pattern of the transmitted plane waves.
IV. APPLICATIONS

A. Reinforced-Concrete Walls
These walls are made up of a steel wire-grid embedded in a thick slab of concrete. It is particularly important to compare the electromagnetic performance of concrete walls and reinforced-concrete walls and to evaluate the influence of the steel grid. In [13] the finite element method (FEM) is used for analyzing such structures, which makes the analysis more complicated and time-consuming. Here the periodicity of the structure is exploited and the MTL method is applied.
The geometry of such wall is a particular case of the general geometry, shown in Fig. 1(a) , where the wire-diameter is . Because of the application of the MTL model it is necessary to replace the circular wire-grid with a square wire-grid with a size, equal to the wire-diameter. Then the reinforced-concrete structure can be modeled as a simple three-layer structure . Computer simulations showed that this simplification is valid. In order to be able to compare the MTL-results with those obtained from FEM as published in [13] , a structure with similar dimensions will be analyzed. This means that the thickness of the inhomogeneous layer mm, , where the period cm, while the thickness of other two homogeneous layers . The complex dielectric constant of the concrete [14] , which means , the conductivity of the steel [15] , [16] and the frequency of the incident wave GHz (wavelength cm). The complex dielectric constant of the metal sublayer , i.e., the contrast is extremely large. Fig. 4(a) shows the transmission coefficient of both the reinforced-concrete wall (solid line) and the homogeneous concrete wall with the same thickness (broken line), as a function of normalized wall thickness , for normal wave incidence . Here modes are needed, which is much more than the estimation from (13), because of the presence of a conductor, but even then the method remains efficient. The results for the reinforced-con- Fig. 4(a) as circles. This clearly demonstrates the accuracy of the MTL method. It will also be clear from this figure that the wire-grid increases the shielding effectiveness of the wall (the path losses are increased), which is expected, but on average the increase is less than 2-3 dB for this particular value of . Another interesting observation is, that the transmission coefficient fluctuates when the wall thickness increases, which means that it is possible to receive more transmitted power in case the wall is thicker, because of the resonant behavior of the wall. Fig. 4 (b) presents the transmission coefficient as a function of the angle of incidence for the wall with and without wire-grid both having a thickness of cm and for the same frequency as in Fig. 4(a) . Here again with a solid line are presented the MTL-results, with a dashed line-the TL results. It can be concluded from this figure that as expected for both wall losses increase with increasing angle of incidence and that the losses are larger for the reinforced-concrete wall than those for the homogeneous concrete wall for all possible angles of incidence. However, the difference decreases with increasing angle of incidence because the effective normalized period also decreases.
B. Concrete-Block Walls
The geometry of a concrete-block wall is a particular case of the general geometry, shown in Fig. 1(a) in the case of three layers . In some analyses this type of walls is considered to be approximately homogeneous with average parameters. This so-called low-frequency approximation is only valid in case the wavelength is larger than the dimensions of the wall's ingredients [14] , which is true in some extent at the frequency GHz ( cm), but seems not to be a very good approximation at the frequency and will not be true for even higher frequencies. The structure of the walls (which usually is periodic) becomes an important factor at these frequencies.
This problem is already treated in [17] for some specific cases by using the space harmonics. The same structure will now be analyzed with the MTL method. This means that the dimensions of the ingredients are: cm, cm, , cm, cm ( cm) and the dielectric constant of the cinder block at a frequency GHz ( cm) is taken [14] (small losses are included). Here, , while (air enclosure). Now the three-layer MTL model needs modes only, which is in good agreement with (13) , and the angular response of the transmission coefficient (-shielding effectiveness) is shown in Fig. 5 . It can be observed that the theoretical predictions (solid line) are well correlated with the experimental results (circles), taken from [17, Fig. 17] . The difference can be explained by the fact that during the experiments the incident wave was cylindrical, while in the MTL method a plane incident wave was supposed. Therefore, the agreement could be further improved by introducing a line-source in the MTL method, which in principle can be done by using the plane-wave expansion of a cylindrical wave. Furthermore, numerical experiments demonstrated that the transmission coefficient of this composite structure is rather sensitive to its complex dielectric constant, which is not known very accurately, because it depends on many factors.
V. CONCLUSION
The MTL method has been successfully applied to the analysis of the shielding effectiveness of buildings, which is an important parameter for the accurate planning of microcellular mobile networks. For that, a special property typical for many building structures is exploited namely the periodicity. In addition to the transmission losses, the novel MTL method also yields the spectral distribution of the transmitted radiowaves, from which the complete field distribution behind a building structure can be obtained. It is clear from the theoretical description of the MTL method in Chapter 2 of the paper that this method can also be used to determine the reflection properties of such walls. The accuracy of the MTL method was examined in Chapter 4 of the paper by comparing the MTL-results with previously published theoretical or experimental results for reinforced-concrete walls and concrete-block walls. This study justifies the conclusion that for the modeling of propagation of plane radiowaves through simple multilayer periodic building structures, the MTL method is well suited because it is accurate as well as computational time efficient. Additional measurements are needed to verify the method in the case of more complex inhomogeneous building structures.
